I. INTRODUCTION
The world is facing major challenges in energy demand for a variety of stationary applications including industries, schools, hospitals, houses, etc as well as transportation applications, while striving to minimize adverse environmental impacts. Currently, fossil fuels are the most dominant sources of energy in most applications. They have low efficiencies, are unfriendly to the environment, and their source is depleting with time, not to mention foreign country dependency. Moreover, the trend of increasing energy demand will require the construction of new gasoline engines and fossil fuel engine power stations. Alternative energy sources can contribute to the increasing energy demands for stationary applications and transportation applications. Fuel cells are an important energy technology for the hydrogen economy and have the potential to revolutionize the way power is generated. They offer cleaner, more efficient alternatives to the combustion of gasoline and other fossil fuels. Fuel cells run on hydrogen, the simplest element and most plentiful gas in the universe. It has the highest energy content per unit weight of all the fuels (52000 Btu/lb or 3 times the energy of a pound of gasoline). Fuels like natural gas, methanol, or even gasoline can be reformed to produce the hydrogen required for the fuel cells.
Most studies have been focusing on modeling, simulation and optimization of a fuel cell. The fuel cell models are complex and computationally slow, which makes it impossible for real-time emulation [1] - [3] . The use of an actual fuel cell in a prototype design and testing of power electronic converters for interconnecting a fuel cell to a load is expensive and any failure will damage the fuel cell. Hence, a simple fuel cell model, which is experimentally verified is used to design an FC emulator. The FC emulator will replace the actual fuel cell for design and testing. The FC emulator is cheaper than real fuel cells, safer for testing products, compact design that allows for mobility, and scalable output voltage and power levels. Some research studies have been done on simulators and emulators for different applications. Solar photovoltaic (PV) and battery emulators can be mentioned as the well studied emulators [4] - [6] . The VI curve of a solar PV panel is reproduced by a solar PV emulator [4] . The emulator is used in power electronics design and testing, and reduces the overall cost especially for high power solar PV panel. A battery emulator study was done in [5] - [6] . The emulator replaces the real battery to reduce cost and pollution. Rechargeable batteries were tried but failed to reproduce the same characteristics repeatedly and consistently due to aging. Non-rechargeable battery were expensive not to mention that they introduces pollution to the environment.
The demand of fuel cells for small scale stationary and transportation applications is greatly increasing, which makes FC emulators important for design, testing, and fault diagnosis. Existing fuel cell simulators and emulators are based on curve fitting, cell equivalent impedance model and a real single fuel cell as a reference model [7] - [11] . A fuel cell simulator based on a computer-controlled power rectifier of a PEM fuel cell is proposed in [7] . The slow dynamic response of the power rectifier and lack of available fuel cell model parameters are some of the drawbacks. A cubic polynomial function was used to curve fit the steady state VI polarization curve of experimentally obtained data from a real fuel cell test [8] . The model is applicable for steady state response only, it lacks transient response. A related study on a simulator is a DSP based fuel cell simulator using a buck converter, which applies [9] . However, the model considers a linear steady state response ignoring the effect of nonlinearity of the fuel cell, and lacks dynamic response. [10] proposes a way to include both the transient and steady response using an equivalent cell impedance model. The parallel RC circuit in the equivalent impedance cell replaces the activation and concentration drops of the cell. The Nernst reversible voltage is assumed constant, which is not true in reality. A more comprehensive approach is presented in [11] , which uses an actual single fuel cell as a reference to determine the operating voltage point. This approach is not applicable since the cost of the fuel, the use of the reformer, and preheating equipment increases the cost of the fuel cell system. This paper presents a fuel cell (FC) emulator based on an electrochemical SOFC and PEMFC models. The model takes into account the effects of the Nernst reversible voltage (open circuit voltage) and the irreversible voltage drop (activation, concentration and ohmic drops). The model is designed to include both the steady state and transient responses of the real fuel cell. Fig.1 shows a block diagram of the fuel cell system, which contains an FC emulator (hardware in the loop) and control , a power converter (DC/DC and/or DC/AC), and a load. The FC emulator and the control are implemented in a Matlab/Simulink environment and programmed into a dSPACE and/or DSP controllers. The control voltage from the fuel cell model is fed into a power amplifier. Finally, the power amplifier drives either a load or power converter circuit. The FC emulator is fast, flexible, easily scalable, and can be adapted to other fuel cell types.
II. FUEL CELL EMULATOR IMPLEMENTATION USING
A DSPACE CONTROLLER A SOFC and PEMFC models are implemented in a Matlab/Simulink as shown in Fig.2 . Fig.2 shows the building voltage blocks of the terminal voltage of the fuel cell model. The terminal voltage is given as the summation of four voltage block models; the Nernst reversible voltage, the activation drop, the concentration drop and the ohmic drop. This was programmed into the rs1104 R&D dSPACE real-time controller of Fig.3 for prototype design and testing. The output voltage from the dSPACE controller is used as a reference control to the linear power amplifier connected to the DC-DC converter (under test) or directly to a load. The dSPACE controller has a 12 bit analog-to-digital converter (ADC) for reading the measurement inputs from the sensors, an embedded DSP controller where the FC model and PWM controller are loaded, a 12 bit digital-to-analog converter (DAC) to interface the reference cell voltage of the FC model to the power amplifier, and a digital input/output port to send PWM control and receive digital inputs. Fig.4 shows the dSPACE controller system used to implement the FC model. The implementation of the FC model is presented in five sections based on the fuel cell voltage equation (four voltage model blocks) and the thermal conservation of the cell [1] - [15] .
Where, E is Nernst reversible voltage, V act is activation loss, V con is concentration loss, and V ohmic is ohmic loss.
A. Nernst Reversible Voltage
The Nernst reversible voltage of the fuel cell model is given in (2) [1] - [3] . This voltage equation depends on the partial pressure of the individual species, which are determined using the mass flow conservation given in (3) [2] . (4) 
Where E 0 = 1.1 V is the standard potential, R = 8.314 kJ/kmol-K is the universal gas constant, T is the operating temperature of the fuel cell in Kelvin, F = 96486 C/mol is the Faraday's constant, and P H2 is hydrogen partial pressure, P H2O is water partial pressure, and P O2 is oxygen partial pressure.
Where V is the volume of the electrode, N in is the input mole flow rate, P x is the partial pressure at the exit, K x is the molar valve constant, C = V RT is the capacitance,
in and V x are the current and voltage equivalent to N in and P x , and x is the individual species.
B. Activation Voltage Drop
The activation voltage drop is expressed by the ButlerVolmer formula (5) for all cell current values [2] . The ButlerVolmer formula is reduced to (6) if α 1 = α 2 for implementation reasons. This voltage drop is dominant at low cell current values only. The Matlab/Simulink implementation of the activation voltage drop V act is shown in Fig.6 . 
Where, z = I fc 2I0 , and I 0 is the exchange current density of the cell.
C. Concentration Voltage Drop
The concentration voltage drop given in (7) is shown in Fig.7 [2] . This voltage drop is significant when the load current density approaches the limiting current density of the fuel cell. Limiting current density is the maximum possible current density of the cell for a given flow rate. The output V con in the Simulink model of Fig.7 represents the concentration drop (7).
Where, I L is the limiting current density of the cell.
D. Ohmic Voltage Drop
An equivalent resistor is connected in series to the terminal of the fuel cell model to represent the ohmic voltage drop. The equivalent internal resistance value of the fuel cell is obtained from the FC manufacturers. However, the resistance of the fuel cell changes with the operating temperature of the fuel cell, which is given by (8) for SOFC [2] - [3] and (9) for PEMFC [14] .
Where T is the fuel cell temperature, T 0 = 973 K, γ = 0.2 and β = −2870 are constant coefficients of the fuel cell and r is the total internal resistance of the FC. 
E. Thermal Energy Conservation Simulink Model
The dynamics of the cell temperature given in (11) is represented in Simulink as shown in Fig.8 [15] . It contains three equation blocks, which determines the heat generated, and the heat transfer due to convection, and mass diffusion of the species.
Where, M p is mass of the cell (Kg), C p is heat capacity of the cell (J/Kg-K), T is the cell temperature (K), q e is the rate of heat generated (J/s) from the electrochemical reaction, q i is the rate of heat transfer (J/s), which is the summation of conduction, convection, mass diffusion and radiation. However, the radiated heat is assumed negligible as compared to the mass diffusion and convection heat, since the fuel cell is well insulated.
III. FUEL CELL EMULATOR IMPLEMENTATION USING A DSP CONTROLLER
The eZdsp R2812 DSP controller used is an inexpensive stand alone digital controller, which contains an ADC, a digital input/output, and TMS320R2812 floating point DSP. This device requires a code composer studio 3.1 and Matlab/Simulink 2006a to operate properly. The FC model is implemented in Simulink and converted into a C program. The converted program is then built using the code composer studio, which is eventually loaded into the DSP controller. Fig.9 shows the actual eZdsp R2812 DSP printed circuit board (pcb) used for the model implementation.
A. Nernst Reversible Voltage
The continuous time equivalent RC circuit of the partial pressure of the species is converted into a discrete time transfer Fig.10 .
B. Activation, Concentration, and Ohmic Voltage drop
Implementation of the irreversible voltages of the FC model are similar for both the dSPACE and the DSP controller. These voltage drops are expressions that can be represented using constant block sets and mathematical expressions. Therefore, the same implementation of the voltage drops used in the dSPACE controller are applied to the DSP controller based.
IV. EXPERIMENTAL AND FC EMULATOR RESULTS

A. Fuel Cell Emulator Test Setup
Figs.11 and 12 show the flow chart and overall experimental test setup of the fuel cell emulator; dSPACE and/or DSP controller and measurements, and the power converter and the load. First the fuel cell model is built in Simulink for real-time control. The FC model is converted into C-program using Matlab/Simulink. The C-program ed into C-program using Matlab/Simulink. The C-program is compiled and built to either dSPACE compatible or DSP compatible. Finally, a dSPACE software is used to build the dSPACE compatible real-time program and is loaded into the rs1104 R&D dSPACE controller. Similarly, 3.1 code composer studio (CCS) is used to build the DSP compatible program and is loaded into the eZdsp R2818 DSP controller as shown in Fig.11 . Moreover, the dSPACE and/or DSP controller were used to generate the PWM switching control of the DC-DC power converter and the DC/AC inverter. A 5kW LCV5050 linear power supply amplifier with a slew rate of 30V per microsecond was used to interface the fuel cell (FC) model to the power converter or the load during the test as shown in Fig.12 .
B. SOFC emulator results
1) Steady State Response:
The signal terminal of the linear power amplifier is connected to the FC emulator reference and the output power of the power amplifier drives a variable resistive load to obtain the static response. VI polarization curves of different flow rates and cell temperature were obtained. Four flow rate values (31, 36, 41 and 51mL/min) and two cell temperatures (800 0 C and 850 0 C) were selected to characterize the steady state response. The VI curve comparison between the dSPACE, DSP, and experimental data at 800 0 C and 850 0 C are shown in Figs.13 and 14 respectively, for the four flow rates. The VI curves show that the FC emulators behave to a high degree as a real fuel cell during the steady state. Although, further adjustment on the parameters used can enhance the results of the FC emulator, the existing emulator is good enough to replace the real fuel cell for testing, design, and fault diagnosis. Fig.15 shows the VI curves of the four flow rates in a single graph at 800 0 C and 850 0 C cell temperatures. At both cell temperatures (800 0 C and 850 0 C), the profile of the VI curves are similar with higher cell voltage at 850 0 C than 800 0 C. At low cell current (activation region), the four flow rates almost overlap. As the cell current increases (towords the ohmic and concentration region) the VI curve with the lower flow rate starts to drop faster as shown in Fig.15 . The limiting current density of the cell changes as a function of the input flow. The corresponding limiting current for the highest flow rate (51 ml/min) is about 4.78A, and 3A for the lowest flow rate (31 ml/min). This limiting current controls the VI curve at high cell current around the concentration region. The VI curve at 31 ml/min falls to zero voltage at about 3A cell current, while the maximum cell current for the 51 ml/min flow rate is about 4.78A.
2) Dynamic response: The dynamic response of the FC emulator (dSPACE controller) presented here is obtained for a change applied in the flow rate and cell voltage keeping all the other variables constant. An increase from 35 to 50 ml/min 
C. PEMFC emulator results
Similar procedures used to perform the SOFC emulator test is applied to the PEMFC emulator. The results discussed are in regard to PEMFC emulator implemented in the DSP controller. The PEMFC model is compiled in Matlab/Simulink to generate C-program. The C program is then run in code composer studio (CCS). The CCS builds the make, hex and out file,which are loaded into the DSP controller. Steady state results of the PEMFC emulator are shown in Fig.18 . Three flow rates are preselected to show the comparison between the PEMFC model (lumped and distributed models), PEMFC emulator and the experimental data. The VI curves at 1 l/min, 1.5 l/min and 2 l/min are shown in Fig.18 . The results of the PEMFC model and emulator have high degree of correlation with the experimental data. The results of the distributed model deviation increases at high cell current, since the limiting current of the model is calculated while the lumped model uses measured limiting cell current.
V. CONCLUSION
An inexpensive, fast, simple FC emulator important for testing purposes and other related applications was presented. The SOFC and PEMFC emulators were implemented in dSPACE and DSP controllers. The dSPACE control is applicable for prototype testing and design and the DSP control is suitable for field testing. Both static and dynamic responses were compared with experimental data to validate the proposed FC emulators. 
